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INTRODUCTION 
Thin film coatings are used to protect metal alloys from oxidation. 
To be effective they must have adequate thickness and be well bonded to the 
metal substrate. This is especially important for metals subject to high 
temperatures or to highly oxidizing environments. As a consequence, there 
is a need for a non-destructive method for evaluat ing coating thickness, 
bonding, and other coating properties. 
In this paper we report measurements made on nickel based superalloys 
(IN 738) coated with an aluminide coatings (AEP 32) using a dynamic thermal 
method of measurement. In addition, we describe an analysis which could be 
a convenient means of monitoring the thermal parameters of thin film' 
coatings. 
The three samples reported on here were in the form of circular 
cylinders coated on one end and on the cylinder side. The other end was 
uncoated. These cylinders were designated as samples DC#12, DC#13, and 
DC#IS and have the following dimensions: (a) DC#12, 12.1 mm in diameter x 
10.5 mm long, with a nominal coating thickness of 38-51 ~m; (b) DC#13, 
12.1 mm in diameter x 9.6 mm long, with a nominal coating thickness of 
25-38 ~m; and (c) DC#15, 12.1 mm diameter x 10.5 mm long, with a nominal 
coating thickness of 56-64 ~m. Measurements of the coated and the uncoated 
ends were made on each sample. 
THERMAL MODEL/PHOTOTHERMAL RADIOMETRY 
Figure 1 shows the thermal model and terminology that we use. A 
pulsed light source illuminates the thin coating and ls partially 
reflected. The absorbed light heats the opaque coating surf ace and heat 
diffuses into the coating. At the coating-metal interface, a thermal 
mismatch occurs if the thermal effusivities of the coating and substrate 
are not identical. [Thermal Effusivity(E) = l(pKC) where P is the 
density, K is the thermal conductivity, and C is the thermal capacity.] 
When there is no thermal mismatch, heat flows uninterrupted into the sample 
bulk; otherwise a portion of the heat is reflected back toward the sample 
surface, while the remainder flows into the metal substrate. 
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Thermal model used in this paper - thin coating of thickness ~ on 
a thermally thick substrate; planer geometry. 
If the thermal bonding of the coating to the metal is good, the 
magnitude of this reflection is determined by the ratio of the thermal 
effusivities of the coating and the base metal. If the thermal bond is not 
good, e.g., a void exists, a large heat reflection can be produced by the 
thermal barrier associated with the disbonding. For partial bonding, the 
amount of heat reflection lies between these extremes. 
The time, T, that it takes for the reflected heat to return to the 
sample surface depends upon the thermal diffusivity (= K/pC) of the 
coating, the coating thickness, and the distribution of heat generated in 
the coating (if the coating is not perfectly opaque). 
The effect of heat reflection can be seen in Fig. 2. The particular 
curve identified as Eb/Ef=l is the decay pattern of the surf ace temperature 
when there is no thermal mismatch between the coating and the metal sub-
strate (or if the coating were thermally thick). The drop in surface 
temperature is caused by thermal diffusion into the coating bulk. The 
initial decay pattern corresponds to diffusion in the coating and is the 
same for alI thermal mismatches. At longer times, the transit time, T, is 
approached and the surf ace tempera ture decay pattern deviates from the 
decay pattern of the thick specimen. The direction of the deviation 
depends upon whether the metal is a better or worse conductor than the 
coating, while the magnitude of the deviation depends upon the magnitude of 
the thermal effusivity ratio. Since the temporal surface temperature decay 
pattern is affected by coating thickness and by bonding quality, a study of 
this pattern potentially provides a means for determining both of these 
quantities. 
We use photothermal radiometry to measure surface tempera ture. The 
general features of this method are seen in Fig. 3. Details of the method 
can be fqund in References 1-3 for both CW and pulsed illumination. 
IR radiometry theoretically measures the temperature at a point on the 
sample surface; in actuality, it measures the temperature integrated over a 
small area on the sample surf ace determined by the spatial resolution of 
the detector. The surf ace radiance of the heated sample (see Fig. 4a) 
varies with specimen temperature and IR wavelength. The incremental change 
in radiance with changes in specimen temperature is shown in Fig. 4b. This 
example corresponds to the experiment reported here where a change in 
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Fig. 2 Theoretical time dependent surface temperature following an 
instantaneous pulse for several ratios of coating and substrate 
thermal effusivity. 
specimen temperature is induced by modulated laser heating and the 
resultant change in lR emission is monitored. While the radiance, L(t), is 
proportional to the fourth power of temperature, L(t) = g(X) o T4 , the 
change in radiance with temperature, AL(t), is linear w~th the change in 
surface temperature, AT, for small AT, i.e., Al(t) ~ 4 T AT. For 
homogeneous materials (no coating) the time dependent signal obtained from 
the lR detector is proportional to the excess surf ace temperature, 
Laser 
-1/2 ~ 2 
T (z=O t) = (nKpC) J exp[-ez-z /4at] dz 
s ' 
I R detector 
O 
.....----Visible detector 
x-v stage 
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Fig. 3 Experimental IR radiometer arrangement used to obtain temperature 
data. 
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Fig. 4. a) Spectral radiance of a blackbody. b) First partial derivative 
of spectral radiance of a blackbody with respect to temperature. 
where S is the optical absorption coefficient, a is the thermal dif-
fusivity, and C is the thermal capacity. The first exponential factor is 
the heat-source profile (with de~th) in the sample and the second factor 
introduces the diffusion time, z /4a needed for the heat to flow from a 
depth z to the sample surface. 
EXPERIMENTAL RESULTS 
Using the experimental set-up of Fig. 3, we have measured the thermal 
response under pulsed heating of the three samples described above. The 
'laser was a 30 mJ Nd:Yag laser with a pulse width of approximately 7xlO-8 
sec (Fig. 5), which is short compared with the thermal response of the 
coated and uncoated samples. The IR detector used was a LN2 cooled HgCdTe 
detector with a 20 MHz bandwidth and data was stored in a Data Precision 
Model 6000 transient analyzer with a 100 MHz digitizing rate. 
Figure 6 shows the thermal response for the coated ends of the three 
samples while Fig. 7 shows the corresponding curve for the three uncoated 
ends. The IR emission from the uncoated samples peak at essentially the 
same time while the emission from the coated samples shows distinct delays 
which are correlated with coating thickness. The different response 
·patterns for coated and uncoated samples is also evident in Fig. 8 (for 
DC#13). This result is typical of the response patterns for the other 
samples, with the coated sample peaking later than the uncoated sample. 
One factor affecting these results is the coating structure and topo-
graphy which results in non-uniform coating properties and thickness. 
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Intensity of a 30 mJ Nd:Yag laser pulse used to heat samples. 
Profilometer scans show variations ranging up to 25% of the nominal coating 
thickness across the specimen with occasional variations even greater. 
Coating nonuniformity is evident in Figure 9a,b (for DC#12) which shows an 
apparent porous, "spongy" texture of the coating surf ace. These figures 
are two optical microscope views of the coating surf ace focused respec-
tively at the top and bot tom visible layer of the coating. The estimated 
texture height from this measurement is 15 microns. 
The "porous" appearance of the coating surf ace suggests that this is 
the origin of the delay of the thermal peak in the coated samples. 
Incident radiat ion is absorbed within the porous structure, and IR emission 
would emerge from a range of sites. Diffusion processes would also be 
affected with a more complex process related to the reduced dimensionality 
of the layers occuring. Quantitative treatment of these issues requires 
more analysis, which is in progress. 
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IR thermal response pattern of three IN 738 specimens De 12, 13, 
15 (Alpak) coating. Nominal thickness 2.0, 1.5, 2.5 mils. 
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Fig. 8 Thermal response pattern of specimen DC#13 showing coated and 
uncoated response. This result was typical of the response 
pattern for the other specimens. 
ANALYSIS OF REAT FLOW IN TRIN FILMS 
The surface temperature of a homogeneous uncoated material is modified 
when a thin film coating is applled. If the coating is opaque or near 
opaque, the optical absorption coefficient of the coating governs the 
source profile of heat generat ion rather than the optical absorption coef-
ficient of the sample. If the substrate is thermally thick, its thermal 
propert1es affect the thermal mismatch at the coating-substrate interface, 
however, the time for heat diffusion back to the coating surface is deter-
mined by the thermal dlffusivity of the coating and not the substrate 
diffusivity. When the sample is porous and specimen structure need be 
considered, a statistical approach must replace the deterministic approach 
used here. The present analysis does not accommodate this case. 
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Fig. 9 Two optical microscope views of the coating surface focused at the 
top and bottom visible layers of the coating. respectively. 
Estimated texture height. 15 microns. 
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Fig. 10 Logarithmic derivative of the temperature patterns in Figure 1 vs. 
time. The curves peaks (or troughs) in the vicinity of the time, 
t= r,2/a.. 
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The excess surf ace temperature of an almost opaque coated material 
heated by a spatially uniform temporal pulse is given by the expression, 
T (z=O,t) = 
s 
-1/2 ~ 2 (WpKC) f exp[-Bz] {exp(-z 14at) 
20 
exp(z 14at») exp(tT It) } dz 
n 
~ 
+ t (-r)t [exp(-z/4at) + 
t~ 
2 
where T = ~ la. ~ is the coating thickness, a, the coating thermal 
diffusivity, B, the coating optical absorption coefficient, 
r = [1 - E lE ] I [1 + E lE ], and Es and Ec are.the sample and coating 
thermal effusrvities, re~pegtively. 
The sum in the equation represents successive thermal reflections 
between the upper and lower coating surfaces. The tempera ture decay 
patterns obtained from this expression for a fully opaque coating are shown 
in Fig. 2. The decay patterns in this figure are different for different 
thermal mismatches, but to ascertain the coating thickness or thermal mis-
match from this pattern would involve a difficult task of curve fitting. A 
more convenient method way to obtain this information is to measure the 
logarithmic derivative of this decay (Fig. 10). As seen in this figure, the 
derivative's peak or trough always occurs close to the time, t = T , from 
which the sample thickness can be obtained if the coating thermal Hif-
fusivity is known. It is also evident from this figure that a thermal 
approach to characterizing film thickness requires the thermal mismatch 
between coating and sample to be significant. 
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